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Outline of the Talk

= Background: EIC, design and kinematics suitable for jet physics.
Qualitative expectation, comparison between heavy ion collisions
and SIDIS/jet production in DIS

= Hadron production and attenuation in semi-inclusive DIS. Energy
loss and hadron absorption. QCD evolution techniques to in-
medium modification of fragmentation functions

» Reconstructed jets at the EIC, jet cross sections. Jet substructure
observables in DIS, jet shapes and jet fragmentation functions

= Event shapes at the EIC. Thrust and N-jettiness, extraction of the
strong coupling constant. Polarized reactions

» Summary of EIC physics that can be addressed with jets



. Background
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EIC design and capabilities

BNL design
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= 5-10 GeV electron ring
(upgradable to 20-30 GeV)
= 50-250 GeV proton/ion
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= 3-10 GeV electron ring
10-100 GeV proton/ion

NSAC long range plan (2015)



Jet and inclusive hadron

measurements

= Forthe purpose of this talk | will assume jet and hadron
measurement capabilities, E{/p-, rapidity, momentum
fraction z, in addition to DIS invariants

=% S8

IY View IN View

= Tracking, calorimetry, lepton ZEUS P Neumanetal. (2014)
and heavy flavor identification e ik B AcehErEue:



The accessible jet energy

s Let's take an example that
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Comparison to RHIC and LHC jet

energies

s Medium-induced parton shower modification is evaluated in
the rest frame of the medium

Pion, Kaon and Proton suppression

J
.. P
Quark-Gluon PI sma
# QGP

J

vin the range pr/ E;inthe range
(5 GeV — 200 GeV) (5 GeV — 200 GeV)

‘é&“&t

= EIC will cover jet energy ranges where the bulk of the jet
quenching phenomena are at RHIC and LHC



Parton energy loss at the EIC

» The stopping power of matter is fundamental probe of
the matter properties, in QED known to 1-2%

. Stopping power of Cuformuons / B. Zakharov, (1996) R. Baier et al., (1997)
100 __/_\ Bethe-Bloch Radiative _E

/e M. Gyulassy et al., X.Guo et al., (2001)

25 (2000)

P. Arnold et al., (2003)

Stopping power [MeV cm?/g]

The nature of the QCD theory gives rise to
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= For processes that involve hard scattering there is cancellation of
the medium-induced bremsstrahlung at very high energies



The strength of the jet modification

at EIC

= Ascenario where the v-ul
parton shower forms in
the strong background

Final state E-loss 6—o r\/lq =0 GeV

G- 8 Mq=1.SGeV

,
gluon field of the nucleus o o-0 M, =45 GeV
'a
< 0.0
w2 | 0.001 —vol Sl
o Y 0 100 10 100 10 10

p/2~E, [GeV]

V., 2007

=  We expect parton energy loss, or more generally, the redistribution of the
energy between vacuum and medium induced showers, to be factor of 2

(RHIC)-3 (LHC) smaller than in the QGP but not orders of magnitude
smaller.




A common approach to jet-medium

Interactions

= Jet physics presents a multi-scale problem, EFT treatment

SCET (Soft Collinear Effective Theory) C. Bauer et al. (2001)

modes pt = (+,—, 1) p? fields D. Pirol et al. (2004)
collinear Q(N,1, ) Q°\? En, AH
soft Q A A A) (,,V)Q/\Q ds., Ai’ QGP CNM
ng Jl l o ~ E]

o =Tr(HS) HBXHJ .

o
VA SCET
% 7 . / J, NkJ_’QL

= Factorization, with "~ T X
modified J, B, S nd| 7, woair ~T,8T,... ~q, Qys-..
-
. . Medium M ~ AQCD
Glauber gluons to mediate physical
. . . . Zy z Z.
interactions with the QCD medium =L NQ O gl -
:

A. Idilbi et al. (2008) Ovanesyan et al. (2011)



Effective Field Theory Advances

In-medium splitting functions beyond the soft gluon

G. Altarelli et al. (2977)

* |mplementedin DGLAP
evolution equations

dN(tot.) dN(vac.) N dN(med.)

dxd’k,  dxd*k,  dxd’k,

G. Ovanesyan et al. (2012)

approximation
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Il. Semi-inclusive DIS,
e-loss and hadronization

“I think you should be more explicit here in
step two.




Semi-inclusive hadron suppression

» Energy loss-based approach compared to Hermes data
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= Awiderange of ¢ obtained from <o0.1GeV?/fm to 0.7 GeV?/fm



Hybrid approach to hadron

attenuation at the EIC

Using E-loss initial conditions

N. Chang et al. (2014)
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= Aquite small §=0.02 GeV*/ fin_ Again factor of 10 discrepancy
in the transport properties of cold nuclear matter



Full QCD evolution approach

» Based on DGLAP evolution with with SCET . medium-induced
splitting kernels (LHC example)

Z.Kangetal. (2014)

1.4 T | T |
B ® ALICE charged hadron R, ,, 0-5%
dDh Q ) (.l'q ( Q ) 1 d:l . 2 1.2 ALICE charged hadron RAA, 5-10% —
q = — P"wd (2 Q B)Dpso | =, Q Theory: SCET.. medium evolution, g=1.9+/-0.1
dln@ m ), 2 LT S EAVT A = — —
med - Npar = 350, with cold nuclear matter energy loss .
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- o . \EE i ]
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= With larger Q2 and jet energy, this will be implemented for
the EIC



Dijet momentum imbalance and

transverse momentum broadening

= One way to further constrain is the transverse momentum
broadening or two particle momentum imbalance

EIC reaction

Dijet imbalance

Dihadron imbalance

Y (Py+) + A(P) = Ji(p1) + Ja(p2) + X

H.Xing et al . (2012)

 — beavyquak

- W=100 GeV
15 Q=16 Ge V"

-
0 —
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1 10 107

See talk by H. Xing

» Candirectly constrain the transport
properties of large nuclei

A. Schafer et al . (2012)

= Transverse momentum broadening, Cronin
effect and scale dependence of the
broadening. At present some discrepancy in
SIDIS and DY broadening. EIC et higher Q2

and energy will provide definitive answers



Hadron formation and absorption

» Includes hadron but also pre-
hadron formation and absorption

A.Accardi et al., 2003 B. Kopeliovich et al., 2003
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1. Jet production at the
EIC and jet substructure

/‘,@' ’ - s /J .
1M\ b Py - “ )

"I'm firmly convinced that behind every
great man is a great computer.”




Jet production at the EIC, e+p

= Fore+p results for 2 and 3 jets are known to NLO

LN UL U IR UL UR L UL LAUR LY LU LY LR Direct prOdUCtion

104Ky (x 100) (@)

I covsewe | | Mirkes et al. (1996) Catani et al. (1997)
~ : —— NLO ®@hadr ® 7" 3
; 10 Esigeon? : Nagy et al. (2001)
’“f “F Photo production

T E Gordon et al. (1992) Harris et al. (1997)
L e | Provides excellent test for QCD
] formalisms. Compare and connect the
o collinear and k; factorization

Inclusive jet production formalisms

Abramovitz et al, 2010 Generally smaller hadronization corrections



Jet cross section attenuation at the

LHC and EIC, e+A

= The key physics that jets in 1 Vi =276 Tev centrality 30-40% -
OCD matter probe is the 12f R=04,]7]<2 centrality 0-10%| |
modification of the partion 7 SR g=20(x02) |
shower (broader and Rax ™ et = :
softer) ol %+%++ ] : ;
NS sl —
Jet axis ATLAS 1

0.2+
0.0: ““““““““““““““““““““““
50 100 150 200 250 300 350 400

pPr

» Thein-medium parton splitting allow to generalize the concept
of jet energy loss beyond the soft gluon approximation

2

W

%— 1 . ' wr(l—z) tan —jl 1 | |
/ dxk? + [ dx(p° — I;U_)] / . dk 15 [P&'ﬁ‘;q (z, k1) + Pred (z, k) )}

JO Jx Jwz(l—r)tan +



Jet substructure observables

= The jet shape i Narrowjets o g g § ® -
: =] Ei ¢ o "
S. Ellis et al. (1993) S. Ellis et al. (1993) 08 g * , " .
] ¢ Wide jets _
I\ =~ 06 ]
2.i(Er)iO(r — (Riew)i) T [ o _
r ) = S B.6 R (B)) S | ¢ B o NeDsai<ER <arGev
L +.- jet
AU, <T; R) 0.4 : 0 e'e, E®>35GeV g
§ d)(?“;R) = d—r' o ® yp, 41 <EF' <47 GeV ]
‘ 02 " pp,40 <Eft <60 GeV -
The transverse energy 0(;' Y Y Y R
density inside a jet "

Akers et al. (1994)

= Alot of advances in understanding jet
substructure come from SCET,
motivated by boosted heavy particle Abe et al. (1993)
decay

Breitweig et al. (1999)



NLL calculation of jet shapes

= The jet shape is defined by the H-n. Li et al. (2011)
ratio of two jet energy functions

(Er)w  JE(0)/Ju(p)  JE-(p)

200 T U, (r) = — =
10.0 - NLLcone - (ER)w  Jo®(p)/Ju(p)  Ju5®(w)
5.0 . NLL anti-k;
LO
2.0 :
Lo+ - = Toresum the jet shape to NLL
v(r) .
05 i f accuracy we use SCET RG
02 . evolution techniques
011" e CMSdataR=0.3 |
000 005 010 015 020 025 030 iE, - Y
r dJ ('U) = _C'Frcusp(as)lnwta#_2'}"(](08) J;?;Er(.u')
dlnp p?
= The algorithm dependence of the jet oF, - 2, 2R ]
: . . dJg " (p) , L, witan® 35 E
shapes (anti)k; vs cone is included iy —CaTcusp(@xs) In o — 2v9(as) | JIE (1)

= Significant improvement over fixed
order calculation

» Examples for Tevatron, LHC :
Y.-T. Chien et al. (2014)



Medium-modified jet shapes

= One can evaluate the jet energy
functions from the splitting functions

ki =p§tant z(1 — )
X 4+ 0
ki = py tan Fx

. ,
= pgy tan F(1 — x)

UTAEDY /1 dzdk Py ji(z, k1) Ep(z, k1)
ik VPS

Tk, (1) = JU% (1) + J™58 ()

1.6r——————7 71— s B E A
- Vsay =276 TeV CNM only 7
14- R=0.3,0.3<|n[<2 CNM+R x4 -
- pr>100GeV All effects ] ]
12+ centrality 0-10% .
0 p(r)Pbe : 1
1.05———} —————— — { -
pa» : |
0.8 :
= First quantitative pQCD/ 0 CMS
SCET description of jet : 7
Shapes in QCD matter “oo0 005 010 015 020 025 00



What can we expect at the EIC?

= At EIC, in the kinematic region of interest there is a dominance
of quark initiated jets. Excellent for jet substructure studies

r We can 201 y/ sy =510 TeV photon-+jet
. . . . - R=0.3,03<|n]<2 inclusive jet
mimic this in ,
_ "~ pr>100GeV
‘ had-rc.)nlc pbpp 15 centrality 0-10%
collisionsby £ (1) *
photon o ]
tagging ] e DR S —
0.5;
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Y.-T. Chien et al. (2015)
Y I

» Larger broadening of narrower quark jets



Jet fragmentation functions

» Jet fragmentation functions probe the longitudinal jet

substructure
Definition % | 5w nam
. i Y 2.5
, do do G (2, )
Fusl(f:-pl’l) = - =
dyidpr.dz/ dy;dpr. Juwy (1)
h L dz o2 -"%('1)
G (w, Z 7” (w, Bz, p) Dj (~ ll) +01; 2 tan?(R/2)

» A ratio of a fragmenting jet function
and unmeasured jet function,
resummed to NLL accuracy

CMS Prellmlnary L = 140 pb

2010, 0-30%, Leading jet
e 2011,0-10%, Inclusive jet
- 2011, 10-30%,Inclusive jet g

Y.T. Chien et al. (2015)




Results for jet fragmentation

C:— 105 h* p+p 5= 276 TeV anti-k,
:.; | e ATLAS R=0.4 lyl< 1.6
B CMS R=0303<lyl<2
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= Very good comparison to data
for z not too small and light
hadrons. Both MC and pQCD /
SCET fail for heavy flavor

T. Kauffman et al. (2015)
Y.-T. Chien et al. (2015)

1% 106 L 30, 40] x 10
10000 [20,30] x 102
?
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N
=
1F i . (iOh / do
F(z,pr) dordz/ dudor
dydprdz/ dydpy
0.01} EIC, /s = 100 GeV
0.01 0.1 !

Z

= EIC, fairly high CM energy chosen,
integrated over rapidities. Can
constrain non-perturbative physics,
such as the FFs

See talk by F. Ringer
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Global event shape observables

» Thrust, jet broadening, angularities, N-jettiness

Z:i_ ‘t ﬁz,

N3LL' results T = maxg | —
E :l _pz'|
-------------- =
—fllllwl[h()lllﬁlllllg(‘i:i: — T T T T — T
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R. Abatte et al. (2010) Extraction of o,

= Although the treatment of thrust is the most complete, there is
discrepancy with the PDG average. Large (but universal) non-
perturbative effects Q



N-jettiness, o, extraction

m Generalization of thrust with N+1 collinear directions

2
™ = @ E min{qg - Pi,q1 * Pis---,qN - Di} Z.Kang et al. (2012)
2

|. Stewart et al. (2010)
D. Kang et al. (2013)

’ = 1-jettines considered to avoid
{.J certain complications (NGL)

S NLL Q=30 GeV |
( . ]
1B 25 . NNLL  x=0.05
- — _20} L
~ (- T -
‘// (-8 1 5
=~ 1.0}
0.5}

C.Leeetal. in preparation 0055
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Conclusions

= EIC opens unique possibilities to study jet/hadron production in
cold dense QCD matter and provides ideal kinematics

= Jet and hadron production at the EIC will pinpoint the transport
properties of large nuclei, the stopping power nuclear matter, and
test the strong gluon field paradigm

= Hadron production and attenuation in semi-inclusive DIS will
shed light on the process of hadronization and the nature of color
neutralization and confinement

» Jet substructue observables will provide a detailed picture of in-
medium parton shower (longitudinal and transverse structure) in
the background of strong color fields

» Event shape observables can be used for precise extraction of the
strong coupling constant



Examples of effective field

theories [EFTs]

A
| " Full = Simple but powerful idea to
DOFInFT ..
Theory concentrate on the significant
Q _ degrees of freedom [DOF].
: Effective : :
DOF in EFT Manifest power counting
Theory
Q powercounting DOFinFT DOFinEFT
Chiral Perturbation Theory (ChPT) A p/\ q,g IK,TT

Heavy Quark Effective Theory

(HQET) Mb /\QCD/mb LI)’A hV,AS

Soft Collinear Effective Theory
o Q  re YA EAA



I11. Main results: In-medium

splitting / parton energy loss

2
dN o : :
o~ < N "r<+ @ < Gluon splitting functions factorize
’ : form the hard scattering cross section
i i i i only for spin averaged processes
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